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ground. We suggest that initial injury prevention should receiveIschemia-reperfusion injury in renal transplantation is inde-
the highest priority.pendent of the immunologic background.
Background. Adhesion molecule expression is important to
early transplant failure. However, whether or not adhesion
molecule-facilitated inflammation is antigen-dependent is un-
Ischemia-reperfusion injury is an important problemknown. We tested this hypothesis.
in organ transplantation. Grafts with prolonged cold orMethods. Rat renal grafts were four-hours cold-preserved
in University of Wisconsin (UW) solution, transplanted to syn- warm ischemia times are more susceptible to short-term
geneic or allogeneic recipients, and harvested after 2, 6, 12, 24, or long-term deterioration [1, 2]. Clarifying the patho-
and 48 hours and after 1 week. The first allogeneic group physiology of ischemia-reperfusion injury and devel-receive no immunosuppression; two additional groups received
oping new preventive strategies are highly important.either low (1.5 mg/kg) or standard (5 mg/kg) cyclosporine A
In native organs, numerous experimental and clinical(CsA). Renal function and morphology were determined; fro-
zen sections were immunostained for P-selectin, L-selectin, studies showed that ischemia reperfusion constitutes an
intercellular adhesion molecule-1 (ICAM-1), vascular cell ad- acute inflammatory process involving cell surface adhe-
hesion molecule-1 (VCAM-1), platelet endothelial cell adhe-
sion molecule expression. These molecules are crucialsion molecule-1 (PECAM-1), leukocyte function associated
for the recruitment and infiltration of effector cells intomolecule-1 (LFA-1), very late antigen-4 (VLA-4), as well as
for neutrophils and monocytes. the postischemic tissue [3]. In transplanted organs, the
Results. Selectins increased rapidly at 2 hours and quickly same mechanisms are also involved in subsequently ini-
decreased by 12 hours. While P-selectin was expressed on vas- tiating the rejection process [4]. However, to what extentculature, L-selectin was found on inflammatory cells. Neutro-
alloantigen-dependent mechanisms contribute to the ini-phil influx and that of LFA-1–positive cells occurred early,
tial injury and whether or not ischemia-reperfusion is anpeaked between 12 and 24 hours, and paralleled the maximal
impairment in renal function. ICAM-1 and PECAM-1 showed alloantigen-independent phenomenon are unclear. Al-
similar kinetics and a diffuse distribution. VCAM-1 increased though numerous studies have addressed antiadhesion
more slowly after 12 hours, peaked at 24 hours, and was local- strategies in rodent models of ischemia reperfusion [5, 6],ized predominantly on the endothelium of elastic vessels. Be-
the sequence in which different cell subsets arrive andtween 24 hours and 1 week, all grafts progressively developed
their time course in relationship to ischemia reperfusiondense VLA-4–positive monocytic infiltrates adjacent to vessels
expressing VCAM-1. Functional, morphological, and immuno- have not been extensively studied. We tested the hypoth-
histochemical parameters did not differ between isografts and esis that ischemia reperfusion is solely responsible for the
allografts at one week. However, by day 10, allografts showed activation of the adhesion cascade and that alloantigen-severe vascular and cellular rejection, while injury in isografts
dependent mechanisms are not primarily operative in theresolved. Immunosuppression with CsA did not reverse the
early post-transplant period. We addressed differencesinflammation induced by ischemia-reperfusion injury.
Conclusions. The early inflammation after ischemia-reper- between alloantigen-dependent and alloantigen-nonde-
fusion injury is largely independent of the immunologic back- pendent injury by employing syngeneic (Lewis-to-Lewis),
nonimmunosuppressed, and cyclosporine A (CsA)-immu-
nosuppressed allogeneic (Fischer-to-Lewis) models ofKey words: adhesion molecules, inflammation, endothelium, mono-
cytes, macrophages, graft failure. rat renal transplantation. We investigated the sequence
in which different cell subsets arrived in the ischemia
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and leukocytes in the time framework of ischemia reper- CD54, clone 1A29), platelet endothelial cellular adhe-
sion molecule-1 (PECAM-1; CD31, clone TLD-4E8),fusion, as well as deterioration and graft recovery.
L-selectin (CD62L, clone OX-85), leukocyte function
associated molecule-1 (LFA-1; CD11a), a4 integrinMETHODS
(CD49d, clone TA-2), neutrophils (His 48), monocytes-
Animals and grafting technique macrophages (ED-1), activated dendritic macrophages
Inbred male Lewis (Lew, RT1) and Fischer (F344) (ED-2), all obtained from Serotec (Oxford, UK); vascu-
rats weighing 150 to 200 g were purchased from Harlan- lar cell adhesion molecule-1 (VCAM-1; CD106, clone
Winkelman (Sulzbach, Germany). The animals had free 51 to 1069), and polyclonal Ab for P-selectin (CD62P),
access to tap water and a standard rat diet (No. C-1000; both from Pharmingen (San Diego, CA, USA).
Altromin, Lage, Germany). They were kept under regu-
Immunohistochemistrylar lighting conditions (lights on at 6 a.m. and off at 6
p.m.) at a constant temperature 248C. All surgical proce- Immunohistochemistry was carried out as previously de-
dures were approved by local authorities (Permit G 0406/ scribed [7, 8]. Briefly, for immunohistochemical staining,
95) according to guidelines corresponding to the Ameri- the sections were incubated with the monoclonal or poly-
can Physiological Society. The rats were fasted overnight clonal Ab (discussed previously in this article) and di-
before surgery. In the allogeneic model, F344 rat kidneys luted in RPMI (Seromed, Heidelberg, Germany) for 60
were transplanted into Lewis recipients, and in the isoge- minutes at room temperature in a humid chamber. After
neic model, Lewis rats were both donors and the recipi- washing with Tris buffered saline (TBS), the sections
ents. were incubated with a bridging Ab (Dako, Hamburg,
Donor animals were prepared as previously described Germany). The immunoreactivity was visualized with an
[7]. Briefly, the left renal artery and vein were separated alkaline phosphatase anti-alkaline phosphatase (APAAP)
from each other, and their collateral branches were di- complex (Dako). For detection and development, we
vided with an electrocautery device. The ureter was freed used the neufuchsin-naphtol-As-Bi-phosphate substrate
from the surrounding fibrotic tissue and cut in the prox- (Merck, Darmstadt, Germany) as described. Negative
imity to the bladder. After the placement of microaneur- control stainings were performed by incubation with cor-
ysm clips, the renal vessels were cut with an iris microscis- responding isotype controls instead of primary Ab.
sors. Perfusion (ex vivo) with 5 mL cold University of Semiquantitative data on the infiltration of neutrophils
Wisconsin (UW) solution followed. Finally, the kidney and monocytes, as well as for LFA-1 and a4 integrin,
was placed in cold UW solution (0 to 48C) for four hours. were determined using KS 300 3.0 imaging system and
Recipient Lewis rats were anesthetized with ketamine. Axioplan 2 microscope (Zeiss, Jena, Germany). The sec-
Anastomoses of the vessels and the ureter were per- tions were digitized via color video camera (Sony 3CCD,
formed end-to-end using 10-0 Prolene. The anastomosis Tokyo, Japan) on a screen. Positively labeled cells in the
time averaged 30 minutes. Upon the completion of ana- each section were counted in 15 randomly chosen fields
stomoses, the right native kidney was removed as well. corresponding to an area of 75274 mm2. The means for
Both native kidneys were preserved to be later used as three rats at any one time point were then grouped to-
controls. The rats were inspected continuously during gether to obtain a final mean and SEM. Tissue specimens
the time course. Four to six animals per time point were were scored independently by two observers in a blinded
killed 2, 6, 12, 24, and 48 hours and 1 week after trans- manner. Minor differences in the scoring were resolved
plantation. Animals receiving isogeneic or first group of by joint discussion.
allogeneic transplants did not receive immunosuppres-
Renal histologysion during the study. To determine whether immuno-
suppression influences cell infiltration, two additional The kidneys preserved in 10% buffered formalin were
dehydrated and then embedded in paraffin. Sectionsgroups of allogeneic transplants received CsA at low
1.5 mg/kg/day or at standard-dose 5 mg/kg/day subcu- (3 mm) were stained with hematoxylin and eosin and
periodic acid-Schiff (PAS) using standard procedures.taneously during the time course. Four to six immuno-
suppressed animals were killed 7 and 10 days after Examination and scoring of the sections of each kidney
for hallmarks of acute tubular necrosis (ATN) at differ-transplantation. Venous blood was obtained from the
retrorobital plexus for assessment of renal function by ent time points were conducted on a blinded basis by a
renal pathologist (W.S.) as previously described [8].serum creatinine and urea concentration at each time
point described. These chemistries were determined with Other variables, such as evidence of infarcts, cellular, or
vascular rejection were also estimated.automated methods.
Antibodies Statistical analysis
Statistical analysis was carried out on a G3 MacintoshThe following antibodies (Abs) were used: mono-
clonals for intercellular adhesion molecule-1 (ICAM-1; computer (Apple Inc., Cupertino, CA, USA) with a com-
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Fig. 1. Renal function parameters of rats
with isografts and allografts at the given time
points. (A) Serum creatinine concentration.
(B) Serum urea concentration. Symbols are:
(d) isografts; (j) allografts. Both parameters
are expressed in mg/dL as means 6 SEM.
mercially available program (Statview; Cricket Software We then investigated the ICAM family of adhesion
Inc., Philadelphia, PA, USA). All values are reported molecules. ICAM-1 was diffusely expressed on endothe-
as means 6 SEM. The data within groups were compared lium and tubular cells. Renal interstitial cells expressing
using nonparametric Kruskal–Wallis and Mann–Whitney- ICAM-1 were also identified. Both apical and basolateral
U-test. Statistical significance was set at P 5 0.001. sides of tubular cells expressed ICAM-1 in isografted
(Fig. 4A) and allografted (Fig. 4B) kidneys. A strong
interstitial staining was documented as well. AlthoughRESULTS
color intensity increased in transplanted kidneys already
Graphic representations of the time courses for renal at the earliest time points, we were not able to distinguish
function parameters in rats receiving isograft or allograft differences during the later time points because of very
are shown in Figure 1. Creatinine (Fig. 1A) and urea strong staining in the interstitium and on the endothe-
(Fig. 1B) concentrations in serum increased after trans- lium. Native kidneys (Fig. 4C) moderately expressed
plantation in both groups, peaked between 12 and 24 ICAM-1 evenly distributed on the mentioned structures,
hours, started recovering after 48 hours, and decreased albeit with a lower color intensity, as described in our
toward their basal levels at day 7. There were no statisti- previous studies [8]. As displayed in Figure 4D–F,
cally significant differences in serum creatinine and urea PECAM-1 staining was uniformly strongly distributed
concentrations between the isografts and allografts at on endothelium. There was no detectable difference be-
any time point measured. tween isografts (Fig. 4D) and allografts (Fig. 4E) in stain-
We first investigated expression of selectins in both ing intensity and distribution for PECAM-1. The native
isografts and allografts. As shown in Figure 2, already kidneys also displayed PECAM-1 on endothelial cells
by two hours after transplantation in isografts (Fig. 2A, (Fig. 4F). Similarly as for ICAM-1, we could not distin-
D) and allografts (Fig. 2B, E), the glomerular endothe- guish potential expression differences during the time
lium, intima of peritubular capillaries, and cortical arteri-
course because of the strong basal level of endothelial
oles stained strongly positive for P-selectin. The most
expression. Staining for VCAM-1 exclusively exhibitedintensive staining was noticed within the glomeruli (Fig.
an endothelial pattern. A weakly positive staining reac-2D, E) and in arterioles (Fig. 2A, B) in a pattern similar
tion appeared after 6 hours and progressively increasedto postrevascularization biopsies in cadaveric allografts
to reach the maximal intensity affecting the majority of[9]. In both isografts and allografts, the peak in intensity
elastic vessels in both allografts and isografts at 24 hours.was between two and six hours. The staining intensity
VCAM-1 mAb stained predominantly the intima ofbegan to fade between 12 and 24 hours and disappeared
small arteries and arterioles. We did not detect VCAM-1completely after 48 hours. There was no detectable varia-
on capillary endothelium. In Figure 5, representativetion in a staining intensity and distribution of P-selectin
photomicrographs show strong VCAM-1 expression atexpression among allografts and isografts at all investi-
24 hours post-transplant on the endothelium of arteriolesgated time points. P-selectin was not expressed on vessels
in isografts (Fig. 5A) and allografts (Fig. 5B). At the(Fig. 2C) or glomeruli (Fig. 2F) in nontransplanted native
same time, VCAM-1 positivity was observed in almostkidneys. The kinetics of L-selectin expression resembled
all glomerular vascular poles of allografts (Fig. 5E). Al-kinetics of P-selectin, with a maximum between 2 and
though this finding was consistent in all allografted kid-12 hours. In contrast to P-selectin, L-selectin did not
neys studied, we offer no functional explanation. Vascu-stain on vessels, but was instead observed on inflamma-
lar poles in isografted kidneys did not stain for VCAM-1tory cells around peritubular capillaries, arterioles, and
(Fig. 5D). Native control kidneys were entirely negativelarger vessels (Fig. 3A, B). The distribution and amount
for VCAM-1 (Fig. 5C, F).of L-selectin–positive cells did not differ between iso-
Enhanced transmigration of inflammatory cells duringgrafts (Fig. 3A) and allografts (Fig. 3B). Native kidneys
were entirely negative for L-selectin (Fig. 3C). ischemia-reperfusion injury after transplantation may re-
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Fig. 2. Immunostaining for P-selectin two hours after transplantation. Vascular expression: (A) isograft; (B) allograft; (C ) native kidney. Intraglo-
merular expression: (D) isograft; (E ) allograft; (F ) native kidney. Original magnification 3400.
late to changes in surface adhesive phenotype. To ad- within the glomeruli (Fig. 7 C, D) and in perivascular
and interstitial spaces (Fig. 7 A, B).dress this issue, we analyzed infiltration with neutrophils
and monocytes, together with integrins LFA-1 and Leukocyte function associated molecule-1 is consid-
ered a major neutrophil integrin. As shown in FigureVLA-4. Neutrophils are thought to be the major media-
tors of functional impairment in ischemia-reperfusion 6B, the influx of LFA-1–positive cells began between 2
and 6 hours and continued to peak at 24 hours. Betweeninjury [3, 8, 10]. We studied spatial distribution of neutro-
phil infiltrates and quantitated the cells during the time 24 and 48 hours, we noticed decreases in LFA-1–positive
cells in both isografts and allografts. However, the influxcourse studied. As shown in Figure 6A, the influx of
neutrophils (His-48 positive cells) began early at 2 hours, recommenced and reached another peak one week after
transplantation. Allografts showed significantly moreincreased progressively, peaked between 12 and 24
hours, began decreasing after 48 hours, and returned to LFA-1–positive cells six hours after transplantation. In
isografts, LFA-1–positive cells were found either in inter-values similar to those observed at 2 hours by 1 week.
The peak in neutrophil infiltration coincided with the stitial and perivascular areas or within the glomeruli (Fig.
8G). Allografts also showed perivascular-interstitial (Fig.maximal impairment in the renal function in both iso-
grafts and allografts. The allografts showed significantly 8F) or intraglomerular distribution of LFA-positive cells.
In both groups, localization of LFA-1–positive cells cor-more neutrophil infiltrates at 2, 24, and 48 hours than
in isografts, although there was no significant difference responded to the localization of neutrophil infiltrates by
48 hours. Thereafter, LFA-1–positive cells colocalizedin functional parameters between isografts and allo-
grafts. In both groups, neutrophils were mainly found with monocytic infiltrates. The native kidneys did not
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Fig. 3. Immunostaining for L-selectin six hours after transplantation in an (A) isograft, (B) allograft, and (C ) native kidney. Original magnification
3400.
Fig. 4. Immunostaining for intercellular adhesion molecule-1 (ICAM-1) and platelet-endothelial cellular adhesion molecule-1 (PECAM-1) 24
hours after transplantation. ICAM-1: (A) isograft; (B) allograft; (C ) native kidney. PECAM-1: (D) isograft; (E ) allograft; (F ) native kidney.
Original magnification 3200.
display any intraglomerular or perivascular neutrophil two hours after transplantation and showed more dra-
matic increases compared with neutrophils. By 24 hours,or LFA-1–positive infiltrates.
Monocytes/macrophages are mainly considered as me- these cells represented the majority of infiltrating cells
counted, strongly suggesting that neutrophils were notdiators of regeneration after ischemia-reperfusion injury
[10]. As seen in Figure 6C in both isografts and allografts, solely responsible for the functional impairment. The
number of ED-1–positive cells remained stable betweenED-1–positive monocyte/macrophage migration began
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Fig. 5. Immunostaining for vascular cellular adhesion molecule-1 (VCAM-1) 24 hours after transplantation. Arterioles: (A) isograft; (B) allograft;
(C ) native kidney. Vascular poles: (E ) isograft; (D) allograft; (F ) native kidney. Original magnification 3400.
24 and 48 hours. A second increase was noticed one and 24 hours, remained at the stable level between 24
and 48 hours, and surprisingly increased dramatically toweek after transplantation, although renal function had
recovered by that time. As shown in Figure 6C, we de- reach the peak infiltration at 1 week after transplanta-
tion. Both isografts and allografts showed the same trendtected no statistical difference in ED-1–positive cell in-
filtration between isografts and allografts at any time in VLA-4–positive cell dynamics. There was no statisti-
cally significant difference in the amount of cells at anypoint measured. ED-1–positive cells were present in iso-
grafts (Fig. 8A) and allografts (Fig. 8B) in peritubular time point measured. VLA-4–positive cells were present
in isografts and allograft, distributed either in perivascu-spaces and around elastic vessels. The majority of mono-
cytic perivascular infiltrates were found adjacent to ves- lar-peritubular spaces (Fig. 8 E, F) or a part of the intrag-
lomerular infiltrate (Fig. 8 G, F). Native kidneys had nosels expressing VCAM-1. ED-1–positive cells were
found to infiltrate glomeruli as well (Fig. 8 C, D). In VLA-4-positive cells (data not shown).
The morphologic changes corresponded to the clinicalnative kidneys, we noticed only a few ED-1–positive
cells, which were most likely resident macrophages (data course in experimental groups. In both allografts and
isografts, the earliest histologic changes appeared sixnot shown).
We studied VLA-4 as an integrin associated with hours after transplantation. The relevant early findings
included congestion of vasa recta, occasional whitemonocytes/macrophages. As depicted in Figure 6D, in-
filtration with VLA-4–positive cells was less dramatic thrombi in venules, and a few collapsed glomeruli. The
tubular lesions gradually became more prominent. Bycompared with ED-1–positive cells (Fig. 6C). VLA-4–
positive cells showed only moderate influx between 2 12 hours, the number of hyaline proteinaceous casts in-
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Fig. 6. Effect of ischemia-reperfusion injury on kinetics of different leukocyte populations. Data are expressed as a number of positively labeled
cells counted in 15 randomly chosen fields of view in sections of allografts (j) and isografts (d) during the time course studied. (A) Number of
infiltrating neutrophils. (B) Number of LFA-1–positive cells. (C ) Number of ED-1–positive monocytes/macrophages. (D) Number of VLA-
4–positive cells. All results are expressed as means 6 SEM. *P 5 0.001. nk, native kidney.
creased and reached a maximum at 24 hours. The pro- plantation are shown, as representative sections from
rats receiving isograft (Fig. 9A) and allograft (Fig. 9B)gressive necrotic changes affecting tubules became then
prominent by 48 hours. We observed foci of frank necro- kidneys. In both groups, we found none of the changes
typical for acute cellular rejection, such as prominentsis mixed with areas showing extensively dilated tubules
with vacuolated cells. The necrotic changes underwent tubular or endothelial inflammation. After one week, a
similar result was obtained with no significant differencesresolution with regeneration, and the grafts began to
recover after seven days. Occasional necrotic tubular between the two groups. However, after 11 days, the
isografts showed regenerated tubules, while nonimmu-epithelial cells, areas of tubular dilation, together with
areas of regenerating epithelium and focal tubular atro- nosuppressed allografts showed signs of cellular and vas-
cular rejection (Fig. 9C).phy remained apparent.
The quantitative necrosis score revealed no differ- Since monocytes/macrophages comprised the predom-
inant cell population during the identified in isografts andences between the allografts and isografts after one
week. Typical changes for ATN 24 hours after trans- nonimmunosuppressed allografts, we extended the time
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Fig. 7. Immunostaining for neutrophils and LFA-1 in postischemic isografts and allografts. Perivascular neutrophil infiltrates: (A) isograft; (B)
allograft. Intraglomerular neutrophil infiltrates: (C ) isograft; (D) allograft. Perivascular LFA-1–positive infiltrates: (E ) isograft; (F ) allograft.
Intraglomerular LFA-1–positive infiltrates: (G) isograft; (H) Allograft. Original magnification 3400.
course of observation to 10 days when the cellular and DISCUSSION
vascular rejection occurred in nonimmunosuppressed al- Experimental and clinical studies indicate that ische-
lografts. To determine whether immunosuppression with mia-reperfusion injury is an important factor in the
CsA reverses inflammation in the course of ischemia- pathogenesis of chronic renal transplant failure [14, 15].
reperfusion injury, we studied two additional groups The detrimental influence of ischemia-reperfusion injury
immunosuppressed with CsA (Fig. 10). There was no on short- and long-term transplant survival is most fre-
statistical difference in the level of ED-1 monocyte/mac- quently explained by the “injury response” hypothesis.
rophage infiltration between nonimmunosuppressed al- According to this hypothesis, the immune response is
lografts and those treated with low or standard CsA
amplified in stressed or injured tissue, which secretesdoses [11] during the first-week post-transplant. At day
immunogenic substances and displays increased antige-10 post-transplant, kidneys of nonimmunosuppressed al-
nicity [16]. However, involvement of alloantigen-depen-lografts displayed further increases in infiltration with
dent versus alloantigen-independent mechanisms earlyED-1–positive cells. Interestingly, at this time point,
after transplantation remains a controversial issue andwhich coincided with the development of acute rejection,
has not been studied extensively. We tested the hypothe-5 mg/kg CsA, but not 1.5 mg/kg CsA [12], significantly
sis that ischemia-reperfusion injury is predominantly re-reduced infiltration with ED-1–positive cells. To charac-
sponsible for induction of endothelial adhesion mole-terize the phenotype of the macrophage infiltrate further,
cules and infiltration of inflammatory cells and representswe stained for the ED-2 dendritic macrophage subpopu-
a distinguishable process, independent of the immuno-lation [13]. The proportion of ED-2–positive cells de-
logic background in renal transplantation. We comparedtected in allografted kidneys at days 7 and 10 post-trans-
adhesion mechanisms and inflammatory infiltration inplant was not influenced by immunosuppresion (Fig. 10).
syngeneic Lew-to-Lew transplants and nonimmunosup-In native kidneys, there were only few ED-1– and ED-
2–positive cells. pressed allogeneic F344-to-Lew transplants, which is a
Dragun et al: Ischemia reperfusion injury in transplantation2174
Fig. 8. Immunostaining for ED-1–positive monocytes/macrophages and VLA-4 in isografts and allografts 24 hours after transplantation. Perivascular
ED1–positive infiltrates: (A) isograft; (B) allograft. Intraglomerular ED1–positive infiltrates: (C ) isograft; (D) allograft. Perivascular VLA-4–positive
infiltrates: (E ) isograft; (F ) allograft. Intraglomerular VLA-4–positive infiltrates: (G ) isograft; (H ) allograft. Original magnification 3400.
Fig. 9. Renal histology (hematoxylin and eosin) showing features of acute tubular necrosis (ATN) in isografts (left panels) and allografts (right
panels) 24 hours after transplantation (A and B) and acute rejection in nonimunosuppressed allografts after 10 days (C ).
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Fig. 10. Influence of low and standard cyclo-
sporine A (CsA) doses on infiltrates with ED-1–
positive monocytes/macrophages and ED-2–posi-
tive activated macrophages-dendritic phenotype
7 and 10 days after transplantation. Both ED-1
(j) and ED-2 ( ) cells were detected at day
7 with both CsA treatments. At day 10, CsA
dose-dependently decreased ED-1–positive
cells. All results are expressed as means 6
SEM. NK is native kidney; *P 5 0.001.
well-established model for chronic rejection [11]. This lial activation [19] and in vivo studies involving other
organs [20]. L- and P-selectin were responsible for earlylow-responder model was considered well suited to study
the cellular changes in the course of reperfusion injury, neutrophil extravasation two to six hours after transplan-
tation. L-selectin–positive cells were detected two hoursregeneration, and early rejection. In high-responder
strain combinations, animals develop fulminant and irre- after transplantation and were located in and around peri-
tubular capillaries. Six hours later, L-selectin–positive cellsversible acute rejection and die of uremia within one
week [17]. Our major findings are that requirements for also infiltrated other perivascular areas. P-selectin was
expressed on arterioles, capillaries, and on glomerularspecific adhesion receptors on endothelium and kinetics
of their expression in isografts were not different from endothelium, which is similar to the pattern observed in
immediate postrevascularization biopsies of cadavericallografts. Furthermore, kinetics and spatial distribution
of host neutrophils and monocytes and their respective allografts [9]. Although intraglomerular P-selectin ex-
pression colocalized on serial sections with intraglomer-integrins LFA-1 and VLA-4 did not differ between iso-
grafts and allografts, although the neutrophil response ular neutrophil infiltrates, the patchy nature of P-selectin
expression on arterioles and capillaries may be attributedwas amplified in allografts. Finally, no difference in renal
function or renal histology between isografts and allo- to platelets, as determined in human biopsies [9]. Unfor-
tunately, rat antiplatelet Ab is commercially unavailable,grafts was discerned. In both isografts and allografts,
localization of endothelial adhesion molecules (P-selec- and we were not able to confirm this observation. Based
on our findings, we assume that L-selectin–mediated roll-tin, ICAM-1, PECAM-1, VCAM-1) was the same with
the sole exception of VCAM-1, which was only found ing interactions were responsible for perivascular and
peritubular neutrophil localization, whereas P-selectin–in the vascular poles of allografts. Although this finding
was reproducible, the expression of VCAM-1 on the mediated intraglomerular neutrophil infiltration. The
later time courses studied revealed that firm neutrophilvascular pole in allografts was not accompanied by more
intraglomerular monocytic infiltrates. Possibly, VCAM-1 adhesion involved mainly LFA-1 integrin and ICAM-1
highly expressed on endothelium. This observation is inin allografts may be involved in processes other than
inflammatory infiltration [18]. accord with earlier results [5, 8, 21]. The amount of
neutrophil infiltrates differed between isografts and allo-Our results on the early kinetics of endothelial adhe-
sion molecule expression and neutrophil infiltration were grafts at several time points. Neutrophils in allografts
increased more quickly and decreased more slowly thansimilar to those described in in vitro models of endothe-
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in isografts. Surprisingly, amplified neutrophil infiltration bution strongly suggest that monocytes/macrophages
during the later course of ischemia-reperfusion rely onhad no negative impact on the functional and morpho-
logical parameters in the allografts compared to iso- the VCAM-1/VLA-4 pathway. The VCAM-1/VLA-4
interaction can mediate the steps of rolling and firmgrafts. Another interesting finding was that intraglomer-
ular neutrophil infiltration was characteristic for the adhesion in models of subacute and chronic leukocyte
recruitment [25]. The maximal amount of monocytes/transplanted kidney [8]. In contrast, neutrophils in ische-
mia-reperfusion injury of native kidney accumulated pre- macrophage infiltrate persisted in the perivascular areas
of the kidney at one week post-transplant. Thus, we spec-dominantly in the outer medulla [5, 21].
Surface expression of ICAM-1 increased early after ulated that the failure of the perivascular and interstitial
monocytic infiltrate to disappear after restoration of func-transplantation and remained elevated during the time
course. ICAM-1 most likely participated during the first tion contributes to the maintenance of the injury and the
initiation of a specific immune response against the allo-phase of injury involving neutrophils and also during
the later phase of the monocyte/macrophage infiltration. graft. We were able to document that nonimmunosup-
pressed allografts develop early acute rejection by dayAlthough differences between native and transplanted
kidneys were apparent, we could not quantitate the exact 10 post-transplant. This coincided with the maximal in-
filtration of monocytes. Chronic rejection in experimen-changes in ICAM-1 expression during the time course
because of intense diffuse ICAM-1 expression on en- tal models is described as a local macrophage-dependent
event [12]. Continued monocyte/macrophage infiltrationdothelium and epithelium. We obtained similar expres-
sion patterns in our earlier studies in transplanted rat contributes to the sclerotic processes characteristic for
chronic rejection. The increased presence of activated mac-kidneys [7, 8].
The regular PECAM-1 endothelial staining remained rophages seems to be major determinant of the subclinical
rejection, as shown in human biopsies [26]. Our results, inunchanged in both isografts and allografts throughout
the time course, which provided the evidence that despite parallel with the previously mentioned studies, underscore
the complex role that monocytes/macrophages play bridg-displaying proinflammatory properties, the renal endo-
thelium was not damaged. This observation is in contrast ing innate and specific immune response [27].
We describe cellular events during phases of func-to findings obtained in biopsies during acute rejection
[22]. Interestingly, in other models of inflammation, tional impairment induced by ischemia reperfusion (12
to 48 hours), regeneration with function recovery (48P-selectin and VCAM-1 expression was more prominent
on postcapillary venules than on large vessels, arterioles, hours to 7 days), and initiation of early acute rejection
(7 to 10 days). Based on these data, we suggest thator capillaries [23]. A possible functional explanation for
our findings may be an increased plasma leakage through immediately after transplantation, neutrophils exploit
rolling mechanisms using selectively site-specific L- ordilated arterioles altering rheology of the blood in the
postischemic kidney. This process could result in in- P-selectin, firmly adhere through the interaction of
LFA-1 with ICAM-1 expressed on glomerular or endo-creased attachment of leukocytes with the vessel wall.
In contrast to our data, in models of acute rejection, the thelium of peritubular capillaries, and locate in peri-
tubular spaces or within the glomerulus. Monocytes/major influx of inflammatory cells takes place through
peritubular capillaries that have acquired properties of macrophages appear to be involved first as effectors of
the injury and later as mediators of regeneration. Mono-high endothelial venules [24]. These findings demon-
strate that major differences in rolling, firm adhesion, cyte/macrophages exploit different pathways than neu-
trophils. These pathways primarily involve VCAM-1/and infiltration mechanisms may exist under different
conditions within the same organ and that cellular infil- VLA-4 interactions or yet unidentified novel adhesion
molecules. Our results demonstrate that the acute in-tration is dependent on the nature of the injury.
Although less extensively studied than neutrophils, flammatory response to ischemia-reperfusion injury is
independent of the immunologic background. Sincemonocytes and macrophages are thought to play a piv-
otal role in regeneration processes after ischemia-reper- animals receiving allogeneic grafts were not immuno-
suppressed after transplantation, mechanisms other thanfusion injury by secreting growth factors [10]. We ob-
served that monocytes increased rather early during the rejection were likely operative during the first post-trans-
plant week. This interpretation is supported by func-course of ischemia-reperfusion injury. Since the same
amount of monocytes and neutrophils was determined tional and histologic data, showing the restoration of
function and absence of acute rejection. The generalin the renal tissue six hours after transplantation, mono-
cytes may actively contribute to the tissue injury. Mono- distribution pattern of adhesion molecules was different
than the one noticed in experimental models or biopsiescytes may affect tissue damage by releasing death signals,
or alternatively by disrupting cell–matrix interactions. from grafts with acute rejection [17, 22, 28], supporting
the notion that the inflammatory infiltration we de-Although we did not provide evidence for functional
properties of individual adhesion receptors, data on ex- scribed was specific for ischemia-reperfusion injury of
the rat transplanted kidney.pression and cellular kinetics together with spatial distri-
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